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Abstract.
The present article focuses on the improvement of the two components of hybrid RANS/LES
models. In the LES component, a Variational Multiscale (VMS) formulation [17] is introduced
with the dynamic control of Germano et al, [11]. In the RANS component, an Organised Eddy
Simulation (OES) model is used, [4, 39]. The impact of these modifications on several critical flows
past bluff bodies is analysed. These are the flow past cylinder at Re = 140, 000 entering the critical
regime because of blockage ratio confinement, a flow past a cylinder at Re = 1, 000, 000, as well as
the flow past a tandem cylinder at Re = 166, 000.
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1 Introduction
In the context of high Reynolds number flows around bodies, the pioneering stud-
ies of Roshko (1961) [35], Wieselberger (1921) [47], Bearman (1965) [3] and Schewe
(1983) [37] had enlightened the transition into the critical regime, associated with the
drastic decrease of drag in the range of Reynolds numbers 2.105 and 5.105 around a
circular cylinder, followed by a drag increase afterwards, in the supercritical regime,
in which the vortex shedding disappears in a specific Reynolds number range, to
reappear afterwards. These changes are linked to the transition in the boundary
layer upstream of the separation , which progressively moves in the separated shear
layer downstream with a simultaneous movement of the separation points down-
stream . Then, the further increase of drag in the supercritical regime is associated
with the separation point motion in more upstream positions. More precisely, in the
passage to the critical regime, there are two discontinuous abrupt drag decreases
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and the existence of asymmetric forces on the cylinder surface (Bearman, 1965;
Schewe, 1983). The passage to the critical and supercritical regime highly interests
the aeronautics design and from a fundamental research point of view, the reasons
of vortex shedding disappearance in a specific supercritical Reynolds number range.
The numerical simulation of the drag crisis and of the supercritical regime remain
important CFD challenges. The supercritical regime offers the possibility of the
boundary layer treatment as fully turbulent, which is a simpler situation in respect
for turbulence modelling issues than the transitional regime corresponding to the
drag crisis. In this context, LES approaches and advanced URANS and hybrid
RANS-LES methods can be adapted in order to capture the boundary layer nature
and the transition location. LES methods need a quite high number of degrees of
freedom (of order 100-500 Million for the single cylinder’s problem, Rolfo-Revell et
al, (2013) [34], Rodriguez et al, 2013 [18]), whereas hybrid methods are generally
more economic as seen in the collected articles of the 4th Hybrid RANS-LES meth-
ods symposium (Girimaji et al, 2015 [1]). The objective of the present article is to
offer reliable hybrid methods needing relatively economic grids.
2 Methodology
The widely used RANS models usually have difficulties in providing accurate predic-
tions for flows with massive separation, as for instance the flow around bluff bodies.
An alternative approach is the Large-Eddy Simulation (LES), which, for massively
separated flows, is generally more accurate, but also computationally more expen-
sive, than RANS. Indeed the grid needs to be sufficiently fine to resolve a significant
part of the turbulent scales, and this becomes particularly critical in the near-wall
regions. Moreover, the cost of LES increases with increasing Reynolds number. In
this context, hybrid strategies have been proposed in the literature, which combine
RANS and LES approaches together (see [36, 9] for a review). However, two main
issues have to be addressed for the improvement of hybrid strategies as industrial
tools. First they have to produce usable predictions with rather coarse meshes,
second, they have to yield more accurate predictions.
The present study concentrates on the improvement of the two components of
hybrid RANS/LES models. Concerning the RANS component, an Organised Eddy
Simulation (OES) model is used, [5, 4, 39]. The impact of these modifications on the
accurate prediction of three critical flows past bluff bodies is analysed. Concerning
the LES component, a Variational Multiscale (VMS) formulation [17] is introduced
and applied to high-Reynolds bluff body flows.
Hybrid with OES: the unsteady turbulent flow around bodies at high Reynolds
number can be predicted by an anisotropic eddy-viscosity model in the context of
the Organised Eddy Simulation (OES). A tensorial eddy-viscosity concept similar
to ARSM [10] has been developed in [4], to reinforce turbulent stress anisotropy,
that is a crucial characteristic of non-equilibrium turbulence in the near-region.
The theoretical aspects of the modelling were investigated by means of a phase-
averaged Time-Resolved PIV in the flow around a circular cylinder at Reynolds
number 140, 000, the so called "IMFT circular cylinder" test case in the context of
the European research program DESIDER (Detached Eddy Simulation for Industrial
Aerodynamics, Haase et al, 2009). This test-case of a circular cylinder in a confined
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Figure 1: Flow past a cylinder, Re=140, 000, the "IMFT circular cylinder" test case,
DESIDER-EU program. Left: Ωz vorticity iso-contours and aspect ratio 4.85 by means of
the DDES-k-omega-OES modelling. Right: Tracking of the Kelvin-Helmholtz eddies and
of their interaction (merging) into the von Kármán vortices.
environment was chosen in order to allow simulations with reasonable grid sizes,
using the exact experimental boundary conditions and especially avoiding "infinite"
- spanwise conditions as in former experiments by Cantwell and Coles (1983) [6].
The blockage ratio in the DESIDER test-case is of 0.208 and the aspect ratio of 4.85.
The Time-resolved two-and three-component PIV measurements were carried out in
the S4 subsonic wind tunnel of IMFT, Perrin (2005), Perrin et al (2007, 2008) and
used by a number of academic and industrial partners in the DESIDER program,
as well as by further studies after this program [30, 32, 31]. The present block-
age ratio makes the flow entering the critical regime at Reynolds number 140,000
contrarily to previous experiments in the literature. A pronounced stress-strain mis-
alignment was quantified in the near-wake region of the detached flow, that is well
captured by a tensorial eddy-viscosity concept. This is achieved by modelling the
turbulence stress anisotropy tensor by its projection onto the principal directions
of the strain-rate tensor. Additional transport equations for the projection coeffi-
cients are derived from a second-order moment closure scheme. The modification of
the turbulence length scale yielded by OES is introduced as the RANS length scale
in the Detached Eddy Simulation hybrid modelling approaches (DES and DDES),
originally proposed by Spalart et al, (1997) and (Spalart et al, 2006) respectively,
[42, 41, 40]. This blending leads to the so-called DDES-OES modelling, successfully
used in complex bluff body flows involving also multiple obstacles and vibrational
instabilities (Shinde et al, 2014). This blending allows a smooth passage from the
near-wall region handled by OES towards the LES region handled by the DDES and
avoids the well known problem of MST, "Modeled Stress Depletion", which occurs
whenever the LES region approaches too much the near-wall area. Even in case of
standard DDES use, this "grey area" may develop around the body as discussed by
Grossi et al, (2014), [13].
Hybrid turbulence modelling with VMS-Dynamic: The RANS closure
terms provided by a RANS and a SGS eddy-viscosity model are blended together
through the introduction of a blending function, θ, that yields to the RANS approach
when θ = 1 and recovers the LES approach for θ vanishing. Thus, the adopted model
can be thought to fall in the class of the blending methods [20, 8, 2], following the
definition in [36]. It allows a natural integration of the VMS concept, [22], which
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allows the eddy-viscosity introduced by the LES closure to be restricted to the
smallest resolved scales. This aims at reducing the excessive damping introduced by
eddy-viscosity models on the large scales and at giving reasonable predictions with
coarser meshes. References [26, 27, 25] offer a study of the present hybrid approach’s
impact on subcritical bluff body flow, in particular in combination with the dynamic
method of Germano-Lilly [11, 23]. Our motivation in combining RANS with the
VMS dynamic formulation is to be able to perform turbulent flow simulations on
coarser meshes than with a RANS/LES hybrid model with a comparable accuracy.
Applications involve three test cases. The flow past a cylinder at Reynolds num-
ber 140, 000 is first studied with the OES-DES approach. The flow past a cylinder
at Reynolds number 1M is computed with the hybrid RANS/VMS-Dyn approach.
Lastly, the computation of a tandem cylinder is performed by both methods, the
DDES model, in which the RANS part has been modified in respect of the turbulence
length scale, by using the OES approach, and the hybrid-VMS one.
Table 1: Flow past a cylinder, Re=140,000 in a confined environment of aspect ratio
L/D=4.8 and blockage coefficient D/H=0.208 in the wind tunnel S4 of IMFT: global pa-
rameters
Parameter simulations Experiments
CD 1.47 1.45
St 0.2287 0.21
lRec 1.26 1.28/1.23
3 Flow past a circular cylinder at Re = 140, 000 (DDES-OES
model)
Figure 1, left shows an instantaneous view of the ωz vorticity pattern around the
obstacle, obtained by the DDES-OES model. The von Kármán vortices envelop
complex smaller-scale structures that fill-up the energy spectrum by a multitude
of frequencies due to the turbulent fluctuation. In the shear layers past the sepa-
ration points, Kelvin-Helmholtz eddies are formed, clearly obtained by the present
simulation and turbulence modelling approach. Their temporal and space charac-
teristics will be discussed in the following sections. It is worthwhile noticing that
the formation of these smaller-scale organised structures that result from a shear-
layer instability, can be damped in cases of using statistical turbulence modelling
approaches that produce an excessive turbulence diffusion. Figure 1, right shows
the tracking of the shear-layer vortices within a vortex shedding period. The roll-up
process of these vortices within the adjacent von Kármán vortex is shown. This
merging is a non-linear interaction between the two instabilities and leads to ap-
pearance of additional frequency peaks in the energy spectrum as shown Figure 4,
by using probe points indicated in Figure 3. The global parameters of the flow are
shown in Table 1.
Figure 2, top shows the comparison of the mean drag coefficient, as well as of
the mean wall pressure coefficient with experimental studies by [30, 32], the so-
called “IMFT circular cylinder” test case, measured by TRPIV2C and TRPIV3C,
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Figure 2: Flow past a cylinder, Re=140K: top: Mean drag and wall pressure coefficient in
comparison with the experiments by Perrin et al (2009). Bottom: Flow past a cylinder,
Re=140K: Comparison of the iso-U and iso-V velocity components (averaged) with the
PIV experimental data.
Perrin (2005, 2007, 2008) in the S4 wind tunnel of IMFT (Institut de Mécanique
des Fluides de Toulouse, [16]. Figure 2, bottom shows the comparison of the time-
averaged velocity components with the averaged TRPIV experimental data (Perrin,
(2005), Perrin et al, (2007)). A good agreement is obtained with the simulations
using the DDES-OES modelling. Figure 4 shows the dynamics of the shear-
layer instability in association with the von Kármán mode for a point in the shear
layer past separation. Morlet’s wavelet energy pattern shows concentration of the
energy around the Strouhal number of the main vortex shedding, whose value is
found 0.226 (also depicted by the FFT spectrum on the right). The presence of the
first sub-harmonic also appears, indicating formation of a vortex pairing of the von
Kármán eddies, associated with the vortex dislocations phenomenon. The wavelet
analysis and the FFT spectrum indicates also formation of an energy pattern around
the frequency of 1.37, which corresponds to the shear-layer frequency. Therefore,
the ratio between this frequency and the von Kármán mode is found of order 6.
Furthermore, a POD analysis has been carried out in 2D and 3D and compared
with POD analysis of the experimental data (Figures 5 and 6). The energy of the
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Figure 3: Flow past a cylinder, Re=140K: View of the shear-layer structure and of the
Kelvin-Helmholtz vortices past the separation point, as well as of the position of probe
points used for the spectral analysis.
Figure 4: Flow past a cylinder,Re=140,000: Signal processing by using FFT and Grossman-
Morlet [14] wavelet analysis for the probe point 3, DDES-OES.
POD modes as a function of the mode’s order is presented in Figure 5. A less abrupt
slope decrease is remarked for the 3D case, which has a more rich chaotic statistical
content. Furthermore, a slope change in the energy distribution is obtained beyond
mode 4 approximately, indicating the progressive influence of random turbulence
for the higher mode range. The comparison between the POD modes issued from
both approaches is presented on Figure 6. A rather good agreement is shown. It
is noticeable that a direct comparison between experimental and simulation POD
fields is an original approach in the state of the art concerning the high-Reynolds
number circular cylinder flow.
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Figure 5: Flow past a cylinder,Re=140,000 : Energy of the POD modes: 2D simulations
by the OES approach; 3D simulations by DDES-OES.
Figure 6: Flow past a cylinder, Re=140,000 : Comparison of the POD modes between the
simulation (DDES-OES) and the experiments (TRPIV).
4 Flow past a circular cylinder at Re = 1M (RANS/VMS-
LES model)
Only a few numerical investigations have been carried out in the litterature for
Reynolds numbers higher than 5 ·105. This interval is inside the supercritical regime
which appears at Reynolds number higher than 2 · 105 and for which the separation
becomes turbulent, see [43]. It is generally accepted that periodic vortex shedding is
very weak (if any) in the lowest parts of the interval [5·105, 1.5·106]. With increasing
Reynolds numbers, the final separation point moves forward, which corresponds to
a slight increase of the drag in the supercritical regime. The wall law approach
of [33] is used with a distance to the wall δ set to .002, which corresponds for
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Table 2: Flow past a cylinder, Re=1M: Bulk flow parameters prediction: C¯d is the mean
drag, C ′l is the root mean square (r.m.s) of the lift coefficient, θ is the separation angle,St
the vortex shedding frequency made nondimensional by the cylinder diameter and the
freestream velocity.
Mesh Cd C′l Cpbase St θ
size
Present simulations
URANS 1.2M 0.24 0.06 0.25 0.46 129
LES-VMS 1.2M 0.36 0.22 0.22
Hybrid RANS 1.2M 0.24 0.17 0.28 0.38/0.17 131
Simulations
RANS of Catalano et al [7] 2.3M 0.39 0.33
LES of Catalano et al [7] 2.3M 0.31 0.32 0.35
LES of Ono and Tamura [29] 4.5M 0.27 0.13 0.4
LES of Kim and Mohan [21] 6.8M 0.27 0.12 0.28 - 108
Experiments
Shih et al [38] 0.24 0.33
Schewe [37] 0.22 0.44
Szechenyi [44] 0.25 0.32 0.35
Guven et al [15] 0.22
Goelling [12] 0.35/0.10 130
Zdravkovich [48] 0.2-0.4 .1-.15 .2-.34 0.50/0.18
Figure 7: Flow past a cylinder at Reynolds number close to 1M : Cp as a function of
polar angle. Comparison between experimental data and numerical results obtained on
two meshes, of resp. 274K cells and 1.21M cells. Left : Reynolds 670K, measurements of
Flachsbart [35]. Right : Reynolds 1.26M, measurements of Warschauer and Linne [46].
the most part to y+ ' 100. Two rather coarse meshes are used. The first one of
2.74 · 105 vertices is a radial mesh with a first layer of vertices of thickness δ/5,
and with a uniform meshing along the azimuthal and spanwise directions. The
second one involves 1.2 · 106 vertices. It is also a radial mesh, but with a mesh
clustering in the azimuthal direction which results in a mesh 4 times finer near
the separation and the wake The main outputs are summed up in Table 2. Six
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Mesh size Cyl. 1 Cyl. 2
Cd Cd
RANS-VMS dyn. 2.59M 0.64 0.38
Simulations
Workshop [24] 2-133M 0.33-0.80 0.29-0.52
DES Aybay [24] 6.7M 0.64 0.44
HRLES [45] 8.7M 0.64 0.45
Experiments
From Cp of [28] 0.64 0.31
Figure 8: Tandem cylinder at Re=166K with RANS-VMS-Dynamic: top: pressure distri-
bution on both cylinders. Bottom: bulk quantities.
publications giving measurements,including the synthetic book of Zdravkovich [48]
were found. The results are compared with three computations with LES models,
by Kim and Mohan [21] and Catalano et al [7], Ono and Tamura [29], and a RANS
result in [7]. The present RANS calculation provide results which differ importantly
from the RANS results produced in [7] with a similar model. Our RANS prediction
of drag is rather good, but the Strouhal number predicted is slightly higher than in
the experiments experiments, and the C ′l is 2-3 times lower. The LES simulations of
the above references are carried out on grids having 2.3 · 106 [7], 4.5 · 106 nodes [29],
and 6.8 ·106 nodes [21]. The LES computations need generally a rather high number
of nodes. With less than 4M nodes, the mean drag is over-estimated. The fine mesh
computations provide a rather coherent prediction of the C ′l , at 0.12−0.13. With the
present quite coarse mesh the VMS-LES calculation gives values of drag and C ′l too
high. The hybrid RANS/VMS-LES simulations give rather accurate predictions in
terms of mean drag, base pressure and Strouhal number already on the coarser grid.
For comparison purpose with available Cp measurements [35, 46], the present flow
has been recomputed through the hybrid RANS/VMS-LES approach at Reynolds
numbers 6.7 · 105 and 1.25 · 106, see Figure 7. For the case at Re = 6.7 · 105 in
Figure 7a, there is a slight under-estimation of the base pressure. Moreover, in the
experimental curve there is a kink at θ = 110o, which indicates the presence of a
small secondary recirculation bubble. This separation bubble is not captured in the
present calculations. It is not either captured in [7], but a separation is found in
[29]. At Re = 1.25 · 106, the base pressure is quite well predicted, while it seems
that the separation occurs more upstream than in the experiments.
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5 RANS-VMS simulation of tandem cylinder at Re=166,000
The tandem cylinder configuration was used as a benchmark case in the AIAA
workshop on Benchmark problems for Airframe Noise Computations (BANC I/II)
[34,35] and in the 7th EU framework project Advanced Turbulence simulation for
Aerodynamic Application Challenges (ATAAC)[36,37]. The Reynolds number is
166, 000 and pitch distance (between the cylinders centers) of 3.7 has been consid-
ered. The experimental results by statistical (not time-resolved PIV) were obtained
by Jenkins et al [19] in the NASA-Langley research center. In Figure 8 the results
of a computation with a mesh of 2.3M vertices using the RANS-VMS model are
presented.
6 DDES-OES simulation of tandem cylinder Re=166,000
This second study aims at detecting the modification of the shear-layer mode past
the second cylinder, responsible for acoustic noise in the phases of landing gear con-
figuration. In the context of the European program ATAAC, a mesh of order 16 M
points has been employed, provided by M. Strelets and M. Shur of St Petersbourg
(ATAAC partners). The computations have been carried out by the DDES-OES
modelling (Bourguet et al 2008), (Braza et al, 2006). Figure 10 (left) presents the
comparison of the simulated averaged velocity field with the corresponding PIV mea-
sured velocity field. A good agreement is obtained. Figure 10 (right) presents the
comparison of the pressure coefficient around the downstream cylinder. A reason-
ably good agreement is obtained. In the median region between the cylinders, the
agreement would be improved by using an even finer mesh. Figure 9, left and 10 show
the complex turbulence structure around the obstacles simultaneously governed by
coherent eddies and chaotic turbulence motion. The coherent flow pattern corre-
sponds to the von Kármán mode and to Kelvin-Helmholtz vortices, both associated
with acoustic noise of a landing gear. The present modelling has been able to predict
these modes, as well as the secondary instability related with spanwise-periodic vor-
tex bursts (Figure 11). The shear-layer vortices and the overall development of the
related instability pattern past the upstream and downstream cylinder are clearly
illustrated (Figure 10). The comparison of the averaged velocity fields is compared
Figure 9: Tandem cylinder ar Re=166, 000: Left: Iso-vorticity contours coloured by pres-
sure around a tandem cylinder configuration, by means of the DDES-OES model. Right:
Tandem cylinder ar Re=166K: Iso-vorticity contours - median plane.
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Figure 10: Tandem cylinder ar Re=166, 000: Left: comparison of the averaged streamlines
and velocity fields with the experiments of [19]. Right: Averaged pressure coefficient around
the second cylinder.
with the experimental results by Jenkins et al (2005) - NASA Langley research cen-
ter and they are found in good agreement. Figure 9, right presents a median plane
of the complex vortex structure where the von Kármán and Kelvin-Helmholtz eddies
can be distinguished. Figure 11 (left) presents an almost horizonal view from above
of the flow around the tandem cylinders configuration, illustrating the complexity of
the smaller-scale turbulence structures resolved by the present DDES-OES method,
as well as of the spanwise vortex structure, characterised by secondary instability
bursts. Figure 11 right presents the comparison of the energy spectrum with the
afore mentioned experiments. A good prediction of the von Kármán mode (first
predominent frequency peak) and of the Kelvin-Helmholtz shear-layer mode (sec-
ond predominent peak) regarding the experimental spectrum is shown.
Figure 11: Tandem cylinder ar Re=166, 000: Left: Turbulence structure between the two
cylinders and spanwise negative vorticity filaments (blue) around the downstream cylinder,
DDES-OES. Right: pressure spectrum at point located at 45◦ clockwise on the downstream
cylinder. Comparison of the Kelvin-Helmholtz frequency peaks, responsible for the landing
gear acoustic noise, with the experiments of the NASA-Ames research center.
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7 Conclusions
The combination of tractable LES and RANS models may result in terms of an
excessively damping large scales, either in region of LES in which the back-scatter
needs to be preserved, or in non-equilibrium turbulence regions in which URANS
modelling is insufficient, because of the use of downscale turbulence cascade assump-
tions.
A strategy for blending RANS and VMS-LES has been applied to the simulation
of the flow around bluff bodies. In this hybrid model, a blending function based on
the values of a blending parameter is introduced, in order to automatically switch
from RANS to LES. This allows to replace the LES component by a novel dynamic
VMS model.
This hybrid method has been applied to the simulation of the flow around a
circular cylinder at Reynolds number 1M. It was shown that bulk quantities can
be reasonably predicted even with the use of a quite coarse mesh in the case of
the RANS/VMS-LES hybridization, contrarily to the RANS model because of a too
poor flow-physics modeling and contrarily to the VMS-LES approach which needs
finer grids.
The flow around a tandem cylinder at Reynolds number 166, 000 has been sim-
ulated by the same hybrid model, RANS/VMS-LES, by using in this case also, a
rather coarse mesh and allows to obtain rather good pressures and bulk coefficients.
In order to emphasize the capturing of near-wall non-equilibrium turbulence and
to accurately predict the instability patterns and predominent frequencies governing
the present flow, a DDES model where the RANS part has been modified in respect
of the turbulence length scale, by using the OES approach, has been applied to the
computation of the flow past a cylinder entering the critical regime and tandem
cylinder configurations. The present study has shown that the turbulence modelling
approach DDES-OES is able to capture the main instabilities in the complex tur-
bulence structure around a single and tandem cylinders configuration in the high
Reynolds number range in good agreement with the physical experiments. More-
over, the frequencies of the main instability modes as well as the global parameters
are predicted quite well by the present method.
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